Flavescence dor ee phytoplasma (FDp) is a quarantine pathogen associated with a severe and epidemic grapevine yellows disease representing a great threat for grapevine cultivation in Europe. An increase in disease spread prompted efforts to identify FDp strains in Croatia. Over 800 samples of grapevine together with presumed reservoir plants and almost 400 samples of Scaphoideus titanus and other potential vectors were collected countrywide and analysed. FDp isolates were characterized by multilocus sequence typing (MLST) of map, secY and uvrB-degV genes in order to determine genetic diversity and structure of FDp populations, and to trace transmission pathways. FD-related phytoplasmas were found in Croatia for the first time in alder, the invasive tree species Ailanthus altissima and leafhopper Phlogotettix cyclops. Phylogenetic analysis revealed the presence of three mapFD strain clusters: mapFD1, mapFD2 and mapFD3, and for the first time in Croatia a case of Palatinate grapevine yellows strain A (PGY-A). In total, 7 different map, 10 secY and 11 uvrB-degV genotypes were detected. The identification of 15 comprehensive FDp genotypes based on MLST suggests separate routes for disease introduction and propagation origins in Croatia. Moreover, high genetic variability of Croatian isolates indicates a complex ecological cycle of FDp involving various hosts.
Introduction
Uncultivable bacteria from the genus 'Candidatus Phytoplasma' are associated with diseases affecting many economically important crops worldwide (Marcone, 2014) . Phytoplasmas have a complex life cycle that involves two different host environments -plants and insects. In plants, they are restricted to the phloem sap, and rely on specific phloem-feeding insect vectors of the order Hemiptera for their transmission (Weintraub & Beanland, 2006; Marcone, 2014) .
Phytoplasmas cause different diseases of grapevine grouped under the name grapevine yellows (GY), which can be distinguished only on the basis of their aetiological agents and epidemiology (Constable, 2010) . Among GY diseases, bois noir (BN) and flavescence dor ee (FD) are the most important in the viticultural areas of Europe. Due to the epidemic potential and detrimental economic effects, the FD phytoplasma (FDp) is classified in Europe as a quarantine organism and the disease it causes represents one of the greatest threats for grapevine cultivation (Jeger et al., 2016) .
Still unassigned to a species taxon within the 'Ca. Phytoplasma' genus, FDp is associated with subgroups 16SrV-C and -D within the 16SrV (elm yellows) taxonomic group, a large and diverse group divided into five subgroups (16SrV-A to 16SrV-E) on the basis of nucleotide differences found in the 16S rRNA gene (Davis & Dally, 2001; MalembicMaher et al., 2011) . Although closely related, members of the group comprise several strain clusters and occupy a variety of ecological niches in Europe infecting grapevines, alders and species of the genera Clematis and Rubus (Malembic-Maher et al., 2011; Holz et al., 2015) . In order to explain these complex bio-ecological differences and genetic diversity of 16SrV phytoplasma strains, a multilocus sequence typing (MLST) system has been developed. Molecular characterization and phylogenetic analysis of molecular markers secY (preprotein translocase membrane subunit), uvrB-degV (subunit B of exonuclease ABC; BCR family protein) and in particular, map (methionine aminopeptidase; Arnaud et al., 2007; Malembic-Maher et al., 2011) , enabled further identification of FDp strains, identifying three genetic strain clusters (Arnaud et al., 2007) .
The main known natural vector of FDp is an ampelophagous leafhopper of Nearctic origin Scaphoideus titanus (Schvester et al., 1963) . However, the transmission ability of other insects and their ability to propagate the disease have been studied. For FD-related phytoplasmas, it has been demonstrated that they could be transmitted to grapevine from clematis by the planthopper Dictyophara europaea (Filippin et al., 2009) . Moreover, Oncopsis alni transmits them from alder causing Palatinate grapevine yellows (PGY; Maixner et al., 2000) . Recently, some research has been oriented toward the mosaic leafhopper Orientus ishidae found to be infected with different strains of FDp (Mehle et al., 2011; Lessio et al., 2016; Casati et al., 2017) . Nevertheless, S. titanus remains the only vector demonstrated to be able to transmit FDp from grapevine to grapevine and this biological property still defines the FDp strains sensu stricto (Angelini et al., 2004) . To better understand phytoplasmaassociated diseases and outline possible pathways in FD disease epidemiology, it is important to identify potential vectors and their preferred host plants, to clarify their role and behaviour and determine their transmission ability (Chuche et al., 2010; Constable, 2010) . Because vector searching schemes are often oriented towards foreign or abundant species (Lessio et al., 2016) , leafhopper Phlogotettix cyclops, recently found inhabiting one of the FD foci in Croatia, was included in the FDp vector survey. The polyphagous species P. cyclops belongs to the family Cicadellidae, which includes most of the phytoplasma vectors (Weintraub & Beanland, 2006) . Originating from Asia and the Russian area, P. cyclops spreads continuously and is now also present in the Middle East and Europe. Although larvae of P. cyclops and S. titanus look similar, it is much easier to differentiate them in the adult stage. Nevertheless, these similar but distinct morphological traits can still lead to misidentification and possibly complicate insect vector monitoring in vineyards (Chuche et al., 2010) .
Presumed FDp reservoir plant hosts have also been investigated. FDp-related strains were detected in Clematis vitalba, Alnus glutinosa and the invasive tree species Ailanthus altissima. In both C. vitalba and A. altissima, FDp similar to the Italian FD-C have been recorded (Angelini et al., 2004; Filippin et al., 2011) .
So far, FDp has been recorded in viticultural regions of Austria, Croatia, Hungary, France, Italy, Portugal, Romania, Serbia, Slovenia, Spain and Switzerland (EPPO PQR, 2017) .
The first report of FDp in Croatia was given in 2009 ( Seruga Musi c et al., 2011) for a restricted continental area. The risk for further disease spread in the country is managed by the new Ordinance (National Gazette 46/ 17; https://narodne-novine.nn.hr/clanci/sluzbeni/2017_05_ 46_1086.html). Despite mandatory control measures, numerous outbreaks have been reported over the years in the Continental north (CN) and Continental east (CE) part of the country. Severe FD epidemics affecting the vineyards of the Adriatic northwest (ANW) region started around 2016, causing yield losses with great concern for the growers. Croatia has a long tradition of grape growing and wine production dating back to the Bronze Age. Recent ampelographic and genetic research of Croatian grapevine varieties classify Croatia as an important gene pool in Europe (Maleti c et al., 2015) . With this in mind, severe FDp infections are not only detrimental for the wine production but also inflict irreparable damage to the country's cultural heritage.
Therefore, the objectives of this research were to: (i) detect and identify FDp in different grape-growing areas in Croatia; (ii) determine the genetic variability and strain composition of FDp population structure in Croatia by multilocus sequence typing (MLST); (iii) investigate the distribution of S. titanus and the genetic diversity of FDp they carry and identify, if present, new potential FDp vectors; and (iv) determine epidemiological relevance of known FDp reservoir plants occurring in vineyards or their vicinity. Herein, the first extensive countrywide multigene typing of FDp isolates in Croatia is provided, and possible routes of introduction and of transmission are proposed.
Materials and methods

Plant sampling
Representative samples of grapevine with typical GY symptoms belonging to different grapevine varieties were collected from 2008 to 2016 in most of the grapevine-growing regions of the country, as a part of a national survey programme. Due to the major outbreaks reported in Istria (ANW region) by the growers, in 2015 a larger fraction of the predominant cultivar Istrian Malvasia samples with symptoms was collected. Alongside grapevines, other presumed reservoir plants were sampled sporadically where present inside vineyards or in their surroundings.
Insect sampling
The occurrence of known and presumed insect vectors was surveyed from the end of June to the end of September. To monitor the S. titanus population and detect other leafhopper species known as putative phytoplasma vectors, three yellow sticky traps per vineyard were used. Replacement of the traps occurred every 2 weeks. Removed traps were brought to the laboratory, where S. titanus specimens and other putative phytoplasma vectors were identified and counted. On localities where S. titanus was previously caught on yellow sticky traps, insects were also collected by sweep nets and mouth aspirators from grapevine plants and also from clematis and other wild plants where present inside vineyards. From the material caught, insects identified as S. titanus, D. europaea and P. cyclops were separated, placed in 2 mL tubes filled with 96% ethanol and stored at À20°C until DNA extraction.
In total, 794 grapevine, 27 C. vitalba and 22 other plant samples (A. glutinosa, Chenopodium album, Parthenocissus spp., Convolvulus arvensis, A. altissima) were collected, together with 391 S. titanus, 6 D. europaea and 6 P. cyclops (Table 1) . Throughout the years, all grape-growing regions in Continental and Adriatic Croatia were inspected visually and collected samples were analysed.
Reference phytoplasma strains
Reference phytoplasma strains FD70 and FD92 were maintained in Madagascar periwinkle (Catharanthus roseus) by successive graft inoculation in the phytoplasma collection at INRA, Bordeaux, France.
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Total nucleic acids (TNA) extraction TNA were extracted from 1 g plant material (leaf midribs of grapevine or other plants) according to the previously described CTAB method ( Seruga et al., 2003) for a fraction of the samples. For the other fraction, the extraction was performed according to Mehle et al. (2013) with the following modifications: 1 g prepared plant tissue was transferred into 15 mL centrifuge tubes containing Matrix A and four 0.25-inch ceramic spheres (MP Biomedicals). To each tube, 3 mL CTAB buffer (2% CTAB, 1.4 M NaCl, 500 mM EDTA pH 8, 1 M Tris-HCl pH 8 with freshly added 0.2% 2-mercaptoethanol) was added. Tubes were then placed in the 12 9 15 mL TeenPrep adapter of the FastPrep homogenizer (MP Biomedicals) and operated 40 s at 5 m s À1 twice to ensure better homogenization. Samples were centrifuged for 10 min at 15 000 g and 1 mL of supernatant was transferred into new 2 mL tubes and further processed following the CTAB extraction protocol described by Seruga et al. (2003) . Nucleic acids from individual insects were extracted with the commercial kit OmniPrep (G-Biosciences) according to the manufacturer's instructions. The resulting TNA pellets were resuspended in TE (10 mM Tris-HCl, 0.1 mM EDTA) buffer and the quality of isolated TNA was determined using a Genova Nano (Jenway) spectrophotometer. Nucleic acid extracts were preserved at À20°C until further analysis.
Phytoplasma detection
Grapevine samples were subjected to a TaqMan triplex real-time PCR assay, which enables simultaneous detection of FD and BN phytoplasmas in the infected grapevine (Pelletier et al., 2009) . Real-time PCR experiments were performed by using a 7300 Real Time PCR System (Applied Biosystems) and Mx3000P Real-time PCR (Agilent) in 96-well plates in duplicates of two dilutions. Other plant and insect samples were tested by conventional PCR assays using phytoplasma universal primers P1/P7 amplifying 16S rDNA (Deng & Hiruki, 1991; Smart et al., 1996) , followed by R16F2n/R2 in nested PCR (Gundersen & Lee, 1996) . In all PCR experiments, GoTaq Flexi/GoTaq G2 Flexi DNA Polymerase (Promega) was used. Products of nested PCR were submitted to RFLP analyses in order to distinguish FDp (Lee et al., 1998) . For subsequent analyses, representative FDp isolates were chosen depending on the collection site and number of positive samples, with the intention of including isolates from all FD foci in the country. Positive samples were labelled and classified as in Table 2 and included in further MLST analyses.
Multilocus sequence typing (MLST) of phytoplasma strains
Molecular typing of positive FDp isolates was performed on the map, secY and uvrB-degV genes according to Arnaud et al. (2007) . In order to get a better reading of the secY sequences, an additional primer F1 (5 0 -GTTATGCCTTATGTTACTGC-3 0 ) was designed and used in this study. PCRs were performed employing the GoTaq Flexi/GoTaq G2 Flexi DNA Polymerase. PCR products were separated by electrophoresis in 1% agarose gel, stained with GelRed solution (Olerup SSP) and visualized under UV light using a gel documentation system (UViTech). In order to characterize FDp strains, amplified products of the map gene were double digested with AluI and Eco72I restriction enzymes (New England Biolabs; Arnaud et al., 2007) following the manufacturer's instructions. The restriction products were subsequently separated in 5% or 8% polyacrylamide gel electrophoresis in TBE buffer (90 mM Tris-borate, 1 mM EDTA), stained with ethidium bromide and visualized under UV light.
Sequencing and phylogenetic analyses
Sequencing of PCR amplicons was performed by the commercial service Macrogen Inc. PCR products were directly sequenced on both strands and subsequent phylogenetic analyses were performed. Raw nucleotide sequences were assembled and quality edited with the SEQUENCHER v. 4.7 software (http://www.genec odes.com/) and GENEIOUS (http://www.geneious.com/) and then aligned with CLUSTALX v. 2.0 (Thompson et al., 1997). Representative sequences were deposited in GenBank (Table 3) . Phylogenetic analyses were performed with MEGA v. 7 software (Kumar et al., 2016) by using maximum parsimony with CNI on random trees method. Bootstrap analyses were performed (500 replicates) to estimate the stability of nodes and to support the inferred clades.
In order to study the relatedness of detected genotypes, a phylogenetic tree based on concatenated sequences of map, secY and uvrB-degV was constructed. Sequences were aligned with GENEIOUS and analysed using maximum parsimony with MEGA v. 7 with confidence estimates based on 500 bootstrap replicates.
Results
FDp detection in plants and insects in infected grapevines
During a national survey encompassing all Croatian grapevine-growing regions, typical symptoms of GY disease (i.e. colour alteration -yellowing/reddening, downward curling of the leaves, berry shrivel, uneven or total lack of cane lignification) were observed mostly throughout the Continental part of the country. In the ANW region (Istrian peninsula), severe GY symptoms and a dense population of FDp-infected S. titanus were recorded from 2015. In cultivar Istrian Malvasia, symptoms were slightly different -downward curling and brittleness of leaves was less emphasized and leaves were frequently found covering the ground in vineyards. Moreover, the susceptibility of cultivar Istrian Malvasia with severe symptoms was especially emphasized next to the almost symptomless and unaffected cultivar Teran at the same localities, with the peak of infection in 2015 when almost 60% of tested cultivar Istrian Malvasia samples were found to be infected with FDp (Table 4 ). The Adriatic south (AS) region of the country seemed unaffected by GY symptoms.
Concerning hemipteran insect species other than S. titanus detected in the scope of this study, D. europaea was sporadically found, but never tested positive for FDp. For the first time in Croatia, one specimen of P. cyclops from the continental part of the country was found to be positive for the presence of FDp among six tested individuals (Table 1) .
From 2009 to 2016, FD disease was recorded in 10 Croatian counties. Altogether, the presence of FDp was confirmed by real-time PCR in 182 grapevine samples and by conventional 16S rDNA PCR/RFLP in 1 C. vitalba, 1 A. altissima, 2 A. glutinosa, 1 C. arvensis 59 S. titanus and 1 P. cyclops (Table 1) .
In total, 50 plant samples and 22 insect samples were further characterized by MLST (Table 2) .
Multilocus sequence typing (MLST) of phytoplasma strains
All three molecular markers were amplified by nested PCR from most of the samples designated for the characterization.
Double enzymatic digestion of map amplicons with AluI and Eco72I determined the presence of all three, so far identified, mapFD profiles in Croatia: mapFD1, mapFD2 and mapFD3 (results not shown), and the results were corroborated by phylogenetic analyses (Table 2 ; Fig. 1 ). Molecular characterization of grapevine, weed and insect samples revealed that FDp isolates from the genetic clusters mapFD3 (32.4%) and mapFD2 (63.4%) were broadly disseminated throughout the country, whereas the mapFD1 (4.2%) cluster was confined to a specific location in the Continental region (Table 2; Fig. 2) .
The cluster mapFD2 was detected in grapevine (30), S. titanus (14) and P. cyclops (1), while the mapFD3 was detected in four different hosts: grapevine (13), S. titanus (7), C. vitalba (1), A. altissima (1) and C. arvensis (1). MapFD1 cluster and PGY-A were identified in only two grapevine samples and one isolate from alder, respectively (Table 2 ; Fig. 2 ).
Phylogenetic analysis revealed the presence of seven different map genotypes. Croatian FDp isolates within the mapFD2 genetic cluster comprise three genotypes with map sequences 100% identical to sequences classified as genotypes M38, M54 and M122 (European Nucleotide Table 3 GenBank accession numbers of sequences from representative comprehensive genotype flavescence dor ee phytoplasma isolates collected from grapevines, weeds and insects used in this and previous study (Plavec et al., 2015 Archive (ENA) accession numbers LT221933, LT221949 and LN850372, respectively; Fig. 1 ). Moreover, a variant of M54 genotype was identified in infected P. cyclops (Pc1) differing by a single nucleotide change (A instead of G) at base 203 (Fig. 1) . In Croatia, the mapFD3 cluster was more homogeneous than mapFD2, and all map sequences within this cluster were 100% identical to the map sequence variant classified as M51 genotype (ENA accession number LT221946). Within the mapFD1 cluster, both grapevine isolates were identical to the French mapFD1 type strain FD70 (Arnaud et al., 2007 ; GenBank accession number AM238512) and genotype M50 (ENA accession number LT221945), while one isolate from alder (AldY strain) corresponded to the genotype M53 detected in a German alder (ENA accession number LT221948) and to the previously reported Palatinate grapevine yellows PGY-A strain (Arnaud et al., 2007;  GenBank accession number AM384892; Table 2 , Fig. 1 ). Phylogenetic analyses of the uvrB-degV and secY gene (Figs 3 and 4, respectively) were also in agreement with the existence of three FDp strain clusters, as described for the map gene sequences. Single nucleotide polymorphisms (SNPs) were found in both gene regions. Phylogenetic analyses identified as many as 10 secY and 11 uvrB-degV genotypes, revealing much higher diversity in comparison to the map gene.
Among the samples characterized using the uvrB-degV gene, six belonged to the genotype UD7 with uvrB-degV sequences identical to the strain CL-UD147 isolated from clematis (Italy), including C. arvensis, A. altissima and the only FDp isolate from Croatian clematis. Twentyfour isolates belonged to genotype UD5 with the same uvrB-degV sequence as FD92 and V00-SP5 (France). The analysis of uvrB-degV sequences showed that isolates from the same location mostly grouped together on the basis of specific SNPs (Fig. 3) .
Most of the FDp isolates (33) characterized using the secY gene grouped with FD92 (France) phytoplasma reference strain belonging to the S2 genotype, while six FDp isolates had secY sequences 100% identical to VI04-C28 (Italy) strain and Serbian strains FD57 and FD68 classified as S6 genotype (Fig. 4) .
FDp genotypes involved in FD epidemiology in Croatian vineyards were first determined based on individual gene typing and subsequently on the basis of more comprehensive three-component genotypes to pinpoint the distribution route(s). Phylogeny inferred from multiple genes (map/uvrB-degV/secY sequences) provides an estimate of the FDp epidemiology in Croatia. As in the previous phylogenetic analysis of individual genes, three major clades were established (Fig. 5) .
In total, 50 plant and 22 insect samples of FDp isolates were genotyped, among which 7 map, 10 secY and 11 uvrB-degV FDp genotypes were identified. The following genotypes were found to be prevalent: M54 and M51 within map, UD5 and UD2 within uvrB-degV and S2 and S7 within secY gene (Table 2) . Concerning comprehensive diversity of FDp isolates, 15 map/uvrB-degV/secY genotypes were identified with genotype M54/UD5/S2 being (Table 5 ). Nucleotide sequences of FDp strains representative of each map/uvrB-degV/secY genetic variant were deposited in NCBI GenBank (Table 3) .
Discussion
Information on the susceptibility of traditionally planted cultivars to FD disease and their role as a source of inoculum is crucial for planning and conducting cultivarspecific protection measures (Galetto et al., 2016) . This study attempted to collect and analyse many different grapevine cultivars showing symptoms of the disease, including indigenous cultivars traditionally planted in particular regions of the country. During the survey, special attention was drawn to the FD outbreaks in the Istrian peninsula region that started in 2015, with severely affected cultivar Istrian Malvasia. Istrian Malvasia is a traditional and economically important part of the wine production in Istria (ANW), occupying a large part of the wine-producing territory. A large population of infected S. titanus present in the area quickly spread the disease to epidemic proportions, probably due to the relatively efficient phytoplasma acquisition in Istrian Malvasia. Nonetheless, more detailed research is needed to confirm the high susceptibility of Istrian Malvasia.
In recent years, MLST analysis has been increasingly implemented in phytoplasma epidemiological studies (Arnaud et al., 2007) . MLST analysis enables differentiation of closely related bacterial strains and gives a cross-section of population genetic diversity (Urwin & Maiden, 2003) . The diversity of FDp grapevine isolates in Croatia was assessed by determining the variability of three epidemiologically informative genes: map, uvrBdegV and secY (Arnaud et al., 2007) . By combining the data sets of all three genes from various hosts infected with FDp, the outbreak foci were pinpointed and the geographical distribution of FDp strains determined. In the scope of this study, FDp was detected in the Continental (CE, CC and CNW) and Adriatic (ANW) regions of the country. The molecular analyses of FDp strains in Croatia showed a surprisingly high diversity of genetic clusters and genotypes considering the size of the territory inspected. This diversity excludes the possibility of a single introduction by an infected vector or by infected planting material and subsequent propagation through S. titanus transmission. Phylogenetic analyses of secY and especially uvrB-degV genetic regions revealed that genotypes within clusters were tied to particular locations, thus reflecting the geographical origins of the strains. MapFD genetic clusters differ in their geographical range in Europe (Constable, 2010) , and on the basis of their distribution in Croatia, an indication on the possible routes of introduction of FDp to the grapevine inside the country can be given, as detailed below.
The mapFD2 genetic cluster was the prevailing one in grapevine, distributed in the Continental (CC and CNW) and ANW (Istrian peninsula) regions. Isolates within the mapFD2 cluster correspond to three genotypes tied to different sampling locations: M38, detected in eastern France, Italy (Tuscany) and Hungary; M122, detected in France and Hungary; and M54 detected in France and Italy (Arnaud et al., 2007; Malembic-Maher et al., 2011) . Prevalence of the mapFD2 genetic cluster in Croatia is in agreement with the hypothesis of Salar et al. (2009) that mapFD2 strains are widely disseminated due to the trading of infected plant material in southwest Europe during the 1990s and 2000s. Epidemic spread of the M54 genotype in the Istrian peninsula can be attributed to S. titanus, considering the significant number of infected, field-collected specimens harbouring the same genotype. In fact, all analysed samples from Istria, except one isolate from S. titanus, belonged to the M54 genotype, suggesting its efficient transmission by S. titanus.
All Croatian isolates within the mapFD3 cluster corresponded to isolate Vv-SI257 and the M51 genotype present in Italy and Serbia (Malembic-Maher et al., 2011; Krsti c et al., 2018) . Cluster mapFD3 in Croatia is mainly confined to the borders with Serbia and Slovenia, where the mapFD3 cluster was previously detected (Kuzmanovi c et al., 2008; Mehle et al., 2011) . In these neighbouring countries, the mapFD3 cluster seems to be tied to alternative hosts. In the present study, the mapFD3 cluster was also found in one C. vitalba and one A. altissima sample. However, because only one out of 27 clematis collected throughout the years was found to be positive for the presence of phytoplasma, its importance as a reservoir host plant for FDp in Croatia remains to be determined. Alder yellows phytoplasma was found to be widespread among European alders (Arnaud et al., 2007; Holz et al., 2015) . In the present Figure 3 Unrooted phylogenetic tree constructed by parsimony analysis of the uvrB-degV gene sequences from flavescence dor ee phytoplasma isolates found in grapevine, other host plants and insects. Numbers on main branches correspond to bootstrap values as percentages (500 replicates). Reference strains are indicated with accession numbers. Affiliation to the uvrB-degV genotype is shown to the right of the tree. Grapevine samples are unmarked while samples from other hosts are denoted as: Scaphoideus titanus, black diamond; Phlogottetix cyclops, black circle; other host plants, black triangle.
Plant Pathology (2019) 68, 18-30 study, alders were sporadically sampled in the vineyard vicinity and one was found infected with phytoplasma corresponding to the PGY-A genotype. Finding distinct FDp genotypes in these hosts implies that a survey particularly focused on wild plant reservoirs, such as clematis, invasive plant species A. altissima or alder is needed, which could give a better insight into their role in the FDp epidemiology in Croatia as well as into possible transfers between alternative wild hosts and vineyards.
Isolates from the mapFD1 strain cluster, detected in one specific location in the Continental (CC) region in only two grapevine samples, shared high similarity with the reference strain sequence FD70 belonging to M50, a genotype that is also less abundant in the French vineyards (Arnaud et al., 2007) . However, because that particular genotype was not detected in Croatian S. titanus populations, its emergence from infected alders or propagation from infected nurseries cannot be completely ruled out.
For most of the inspected locations, the FDp profiles of infected S. titanus were in agreement with the FDp genotypes detected in grapevines, thus constituting one pathosystem and confirming S. titanus as the main vector of FDp in Croatia. In fact, the occurrence of FD disease corresponds to the distribution of S. titanus, explaining the currently FDp-free Adriatic region (AS) where S. titanus is not present in large numbers, although it was very recently found at a few restricted locations in the southern part of the country (authors' unpublished results). In Croatian vineyards, O. ishidae and D. europaea either were not found, or were found rarely and uninfected, respectively. Therefore, it is reasonable to assume that they do not play any significant role in the FDp epidemiology in Croatia. Nevertheless, to be fully supported, these claims demand more research addressed specifically to O. ishidae and other potential alternative vectors. However, attention here was directed towards a small P. cyclops population (six captured specimens) present at one FD focus together with the S. titanus population. Finding the FDp infected P. cyclops (Pc1) harbouring a variant of the M54 genotype (mapFD2 cluster) suggests that its potential role in FDp transmission cannot be overlooked and supports the hypothesis proposed by Chuche et al. (2010) that P. cyclops could represent a potential vector of phytoplasma.
Altogether, 15 map/uvrB-degV/secY multilocus FDp genotypes were identified within the studied vineyards and their vicinity, exposing a complex and diversified epidemiological network. The prevalent comprehensive genotype M54/UD5/S2 (29%) as well as another major genotype M51/UD2/S7 (18%) were associated solely with S. titanus and V. vinifera, thus indicating their main role in FDp epidemiology in Croatia. The genotype M51/UD7/S8 detected in A. altissima and C. arvensis differed only in secY profiles compared to the genotype found in V. vinifera, while the genotype found in C. vitalba was also found in V. vinifera. Because S. titanus has so far not been detected with the same genotype as in these reservoir plant hosts, questions remain as to whether there could be another vector involved in FDp distribution between the two compartments. On the other hand, the genotype M122/UD4/S3 was found exclusively in S. titanus probably as a result of sampling limitations, and this finding might not reflect its real absence in infected grapevine/plant material. This diversity of genotypes indicates that the transmission/ dissemination of FDp is carried out through a much more complex network of hosts and vectors than previously thought. The fact that some minor portions of the concatenated phylogenetic tree are not strongly supported, could indicate that FDp possibly undergoes recombination; however, the result cannot fully support that hypothesis.
The molecular differentiation of FDp strains present in affected grapevine-growing areas is a key element for efficient disease management. By determining the aetiology of the disease, it is possible to predict new outbreaks and to stop the spread of the disease or at least control the extent of subsequent damage (Holz et al., 2015) . MLST analyses on the basis of the map, secY and uvrBdegV genes clearly distinguished FDp genotypes and revealed surprising epidemiological complexity of FD pathosystems in Croatia. MLST proved to be a useful and informative tool, which enabled the possible routes of FDp strain spread to be traced.
Despite the control measures, greater variability and spread of the FDp strains are recorded year after year. This progression of the disease reinforces the need for 
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